Multiple factors lead to extensive variation in mosquito and mosquito-borne virus control programs throughout the United States. This variation is related to differences in budgets, number of personnel, operational activities targeting nuisance or vector species, integration of Geographical Information Systems, and the degree of research and development to improve management interventions through collaboration with academic institutions. To highlight this heterogeneity, the current study evaluates associations among the size of a mosquito control community, the research productivity, and the mosquito-borne virus human disease burden among states within the continental United States. I used the attendance at state mosquito and vector control meetings as a proxy for the size of the mosquito control community in each state. To judge research productivity, I used all peer-reviewed publications on mosquitoes and mosquito-borne viruses using data originating in each state over a 5-and 20-yr period. Total neuroinvasive human disease cases caused by mosquito-borne viruses were aggregated for each state. These data were compared directly and after adjusting for differences in human population size for each state. Results revealed that mean meeting attendance was positively correlated with the number of publications in each state, but not after correcting for the size of the population in each state. Additionally, human disease cases were positively correlated with the number of publications in each state. Finally, mean meeting attendance and human disease cases were only marginally positively associated, and no correlation existed after correcting for human population size. These analyses indicated that the mosquito control community size, research productivity, and mosquito-borne viral human disease burden varied greatly among states. The mechanisms resulting in this variation were discussed and the consequences of this variation are important given the constantly changing environment due to invasive mosquito species and arboviruses, urbanization, immigration, global travel, and climate change.
infrastructure for large regional mosquito control programs. For example, Dr. John B. Smith was a Professor of Entomology at Rutgers University and is acknowledged as being responsible for laying the foundation for organized mosquito control in the twentieth century (Patterson 2009 ). The New Jersey Agricultural Experiment Station (now the Rutgers Center for Vector Biology) remains strong in basic and applied research working in close cooperation with the vector control agencies throughout the state. Likewise in California, the leadership and accomplishments of Dr. William C. Reeves (1916 Reeves ( -2004 was instrumental in allowing California to develop from their first Mosquito Abatement Districts in 1915 to having extensive programs coordinated by the Mosquito and Vector Control Association of California (University of California 2004 , Patterson 2009 ). In particular, the accomplishments of Reeves in advancing the field of arbovirology and redirecting control programs from Aedes and to Culex for the management of Western equine encephalitis and St. Louis encephalitis viruses allowed California to quickly adapt control programs to West Nile virus (WNV) following its invasion in 2003. In the southern United States, Dr. Jimmy Olson (1942 Olson ( -2015 maintained a strong medical entomology program at Texas A&M University and was instrumental in enhancing statewide mosquito control programs through collaborative applied research programs and educational outreach.
Although nuisance mosquitoes were the primary reason for the antimosquito movement at the turn of the twentieth century, the awareness of the ability of mosquitoes to transmit pathogens resulting in human disease was also critical. The discovery that mosquitoes could transmit viruses (a.k.a. arthropod-borne viruses or arboviruses) occurred during the 1890s by Walter Reed and colleagues (Staples and Monath 2008) , which is the same decade that Sir Ronald Ross discovered that mosquitoes could transmit human malaria (Cox 2010) . Yellow fever epidemics had plagued the United States for over two centuries, with the last epidemic in 1905 in New Orleans, and successful mosquito control campaigns are attributed to limiting the severity of that epidemic. In addition, human malaria was a major public health problem in the southeastern United States and was successfully eliminated due in part to large coordinated efforts by the Tennessee Valley Authority in the 1930s and the National Malaria Eradication Program in the 1940s and 1950s (Derryberry and Gartrell 1952) . The importance of mosquitoes as vectors led many newly established mosquito control programs to be called "mosquito and vector control." More recently, the invasion of the United States by WNV in 1999, was a catalyst for enhancing many mosquito surveillance and control programs throughout the United States. WNV has resulted in >780,000 human illnesses and >1,550 deaths since 1999 (Petersen et al. 2013) , and the increased surveillance and control for the virus was partially facilitated by an increase in federal funds provided by the Centers for Disease Control and Prevention, but these funds have mostly dissipated.
Due to differences in landscape, budget, historical leadership, and mosquito-borne disease burden, the mosquito control culture around the United States is highly variable. On one end of the spectrum is a city or state that has essentially no organized mosquito surveillance or control program and at the other end of the spectrum is a well-funded and highly coordinated area-wide program. Because the distribution of mosquitoes and the pathogens they transmit don't conform to geo-political boundaries (Lounibos 2002) , this variation in mosquito control programs has important consequences. The ability of each city, county, or state to communicate with neighbors and exchange information and collaborate particularly after a disease outbreak or natural disaster is critical to a successful program, especially in a constantly changing environment.
The objective of the current study was to identify associations among the size of a state's mosquito control community, the research productivity, and the arbovirus disease burden in the continental United States. The spatial scale of this analysis is at the level of the state, and the epidemiological data that were analyzed were limited to mosquito-borne viruses resulting in human neuroinvasive disease in the past half century. Given that the size of a mosquito control community in each state is difficult to quantify, I used the attendance at state mosquito and vector control meetings as a proxy. To judge research productivity, I used all peer-reviewed publications describing research on mosquitoes and mosquito-borne viruses within each state over recent (5 yr) and longer time periods (20 yr).
Materials and Methods

Meeting Attendance
Data on attendance at annual meetings focused on mosquito control and vector-borne disease were obtained by contacting representatives from each state for the 5-yr period from 2009 to 2013 (Table 1 ). Multistate regional meetings that are associated with the American Mosquito Control Association as well as state-level meetings were included. For regional meetings, the total meeting attendance was allocated to each participating state weighted by the total state population. Some states have two meetings each year (e.g., a spring workshop and a fall conference) but the smaller meetings were not included in the analysis. In most cases, representatives from each state or region had archived attendance records. In three states (Missouri, Nevada, Idaho) and one regional association (MidAtlantic Mosquito Control Association) where these records did not exist, the representatives estimated the attendance for each year.
Publications
The goal of the quantitative synthesis of peer-reviewed publications is to produce an index that captures the volume of research utilizing data from a state. The Web of Science search engine was used to find peer-reviewed publications related to mosquitoes and mosquito-borne viruses for each state. The literature was searched over a 5-yr period (2009 to 2013) and a 20-yr period (1993 to 2013) and used keyword searches of State þ "West Nile virus," "St. Louis encephalitis," "eastern equine encephalitis," "western equine encephalitis," "LaCrosse encephalitis," "dengue virus," and "mosquito." Each of these searches (i.e., "state þ key word") was a separate query and the search term "state þ mosquito" generally returned the largest number of matches. Each peer-reviewed publication resulting from these key-word searches was reviewed and only those publications utilizing data (mosquito collections, animal collections, or human data) collected from within the target state were included in the analysis. In the case of publications that reported on field-collected data from multiple states, each represented state was credited with the publication. When a publication was exclusively a large spatial analysis using human arbovirus disease data for every state in the United States, the publication did not count for any state. When the published studies were exclusively laboratory experiments, they did not count for any state. The affiliations of the authors were not considered while compiling the publications for each state.
Arboviral Disease
The total number of human mosquito-borne viral disease cases for each state in the continental United States was aggregated using data from the Centers for Disease Control and Prevention website (http:// www.cdc.gov/westnile/statsmaps/index.html, last accessed February [2010] [2011] [2012] [2013] . The inclusion years were dictated by available data provided by the CDC and USGS. Disease reports were reviewed and only cases that met the neuroinvasive disease criteria (for the encephalitis viruses) and only included locally acquired cases (for Dengue) were included in the analysis.
Statistical Analyses
Meeting attendance, publications, and arboviral human disease data were gathered for the 48 continental United States, plus the District of Columbia. Data were presented and analyzed as raw values for each state as well as standardized per population of a state Â 100,000 (United States Census Bureau 2013 Population Estimates; Table 1 ). I performed linear regressions to compare all pairwise relationships between meeting attendance data, publications, and arboviral disease. The dependent variables (either publications or disease cases) were log (x þ1) transformed to improve normality. Separate models were performed for each independent variable on both the raw data and the population-adjusted data. Scatterplots are presented with untransformed data for ease of interpretation. Means are presented with standard errors. Linear regressions were performed in Program R (R Development Core Team 2015).
Results
All states had either their own mosquito and vector control annual meeting or were part of a regional association with an annual meeting, except three states: Arkansas, Kentucky, and Oklahoma (Table 1 ). The mean number of attendees for all states from 2009 to 2013 was 62.0 6 11.6. The mean for each year was 63.1, 61.9, 60.0, 61.7, and 63.1, showing that over this time period, the number of attendees was stable. California, Florida, and New Jersey have the largest meeting attendance but after correcting for population size, the states with the highest adjusted meeting attendance were Nebraska, Utah, and Mississippi. There were a total of 372 publications in all states combined for the 5-yr period (2009 to 2013), meeting the selection criteria related to mosquitoes and arboviruses. The mean number of publications per state over the 5-yr period was 7.6 6 1.5 and median was 4 (Table 2 ). There were a total of 1,161 publications for the 20-yr period (1993 to 2013), meeting the selection criteria for state þ mosquitoes and arboviruses. The mean number of publications for each state over the 20-yr period was 23.7 6 4.7 with a median of 12. The three states with the highest number of publications for both the 5-yr and 20-yr periods were California, New York, and Florida. After correcting for population size, the states with the highest adjusted number of publications were North Dakota, South Dakota, and Montana for the 5-yr period and Wyoming, North Dakota, and Montana for the 20-yr period.
The total number neuroinvasive arboviral human disease cases for all states combined was 26,199, with a mean of 534.7 6 96.7 per state and median of 307 (Table 2) . States with the lowest number of arboviral human disease cases reported were Maine (n ¼ 1), Vermont (n ¼ 3), and New Hampshire (n ¼ 16), and those with the highest number were Texas (n ¼ 3,522), Illinois (n ¼ 2,234), and California (n ¼ 2,033). Once adjusted for population size in each state, the states with the lowest disease prevalence were Maine, Vermont, and Washington and those with the highest were South Dakota, North Dakota, and West Virginia. There was a significant positive relationship between meeting attendance and the 5-yr number of publications for each state (F ¼ 27. There was a significant positive relationship between the number of human arbovirual disease cases and the 5-yr number of tions (2009-2013) , and total arboviral neuroinvasive human disease publications for each state (F ¼ 18.2, df ¼ 47, r 2 ¼ 0.26, P < 0.001; Fig. 2A ) and also for the 20-yr number of publications (F ¼ 18.9, df ¼ 47, r 2 ¼ 0.27, P < 0.001; Supp. Fig. 2A [online only] ). After correcting the human disease cases and number of publications for the size of each state population, a significant positive relationship remained for the 5-yr publications (F ¼ 18.7, df ¼ 47, r 2 ¼ 0.27, P < 0.001; Fig. 2B ) and the 20-yr publications (F ¼ 18.8, df ¼ 47, r 2 ¼ 0.27, P < 0.001; Supp. Fig. 2B [online only] ).
There was a significant positive relationship between meeting attendance and the number of human arboviral disease cases for each state (F ¼ 9.1, df ¼ 47, r 2 ¼ 0.15, P < 0.004; Fig. 3A) but not when attendance and disease was corrected for population size (F ¼ 2.6, df ¼ 47, r 2 ¼ 0.03, P < 0.11; Fig. 3B ).
Discussion
These data highlight the heterogeneity of the mosquito control community size, research productivity, and arboviral human disease cases within the continental United States. Using mean attendance at annual mosquito and vector control meetings at each state as a proxy for the size of the community, there is a positive relationship with the number of publications. This positive association was consistent for studies published in the 5-yr and 20-yr periods, suggesting that the research productivity of each state has been stable. California, Florida, and New Jersey help drive this positive relationship by having both high meeting attendance and high numbers of publications. Interestingly, this positive relationship between meeting attendance and the number of publications disappears once correcting each dataset per state population size. In this context, we see a pattern where states such as North Dakota and Montana have low meeting attendance and high numbers of publications per capita and whereas states such as Utah, Nebraska, and Mississippi have high meeting attendance and low numbers of publications. The high number of publications in the Great Plains states is consistent with the high incidence of WNV human disease observed in those regions (Sugumaran et al. 2009 ) and also the impact of WNV on birds (e.g., greater sage-grouse and American white pelican; Rocke et al. 2005 , Clark et al. 2006 . The number of publications in the 5-yr and 20-yr period is also positively associated with human arboviral neuroinvasive disease cases reported by each state. This positive association was driven by states such as Texas, Illinois, and California that have high numbers of arboviral disease cases and also large numbers of publications. Once correcting these data for the population size of each state, the positive association remains but is driven by states such as South Dakota, North Dakota, and Wyoming. This again is reflective of the high WNV human disease incidence in the Great Plains states which has yielded numerous publications (Wimberly et al. 2008 , Carson et al. 2012 .
The number of arboviral human disease cases was marginally positively associated with the mean attendance at annual mosquito and vector control meetings in each state. This positive relationship was driven by one outlier, California, which had high meeting attendance and high arboviral human disease cases. Once removing this outlier, the pattern was no longer significant. Also, once correcting the number of disease cases and meeting attendance for the population size of each state, there was no relationship between the size of the mosquito control community and the incidence of neuroinvasive disease in the states, suggesting that states with high disease burdens do not have comparably high mosquito control communities. States such as South Dakota and North Dakota have a high incidence of human arboviral disease but low meeting attendance. However, states in the Great Plains also have low population density which makes organized mosquito control difficult. In contrast, states such as Utah and Idaho have high meeting attendance but low incidence of human disease, supporting the observation that the large mosquito control communities in these states are focused on nuisance mosquito problems, principally Aedes dorsalis (Meigen) (Crane et al. 1983) . It is also important to note that local vector control programs may influence the transmission of arboviruses and the human disease burden (Tedesco et al. 2010 ) so that the comparison of arboviral disease burden with mosquito control community size is complicated by the potential for management activities to have mitigated the risk of mosquito-borne virus transmission to humans.
Limitations of this analysis include that the attendance at the annual mosquito control meeting does not necessarily reflect all the government and academic personnel focused on mosquitoes and mosquito-borne viruses in a state. For example, in Texas, the annual James Steele Conference on Diseases in Nature Transmissible to Man, co-sponsored by the Texas Department of State Health Services Zoonosis Control Branch and the Texas Health Institute, is a meeting that is independent from the Texas Mosquito Control Association Annual Meeting, yet features many talks on mosquitoes and mosquito-borne viruses. Other states may have similar additional meetings that were not included in this analysis. Beyond attendance at annual meetings, metrics relevant to mosquito and vector control programs that would have been valuable include total annual budgets, total employees, total mosquito trap locations operated, or total amounts of control products deployed. These data would be subdivided by different cities or counties within each state and would thus be very difficult to obtain for a nation-wide comparison. Regarding the number of publications utilizing data from each state, these papers are not solely the product of applied mosquito control agencies. Many studies on mosquitoes and mosquito-borne viruses in each state are affiliated with academia and funded by federal grants or other funds external to the state. Many county or regional mosquito abatement programs conduct research and development to optimize control techniques, but these activities rarely result in peer-reviewed publications, and thus were not included in this study. In addition, my metric for publications were extensive searches of the literature, but were not completely comprehensive. For example, not all journals or publications, especially conference proceedings, are referenced with Web of Science. However, any bias in missing publications should have been true for all states, which means the metrics produced should represent the variation that exists in the number of publications.
Each county or state depends on the quality of the intervention programs by its neighbors. In recent years, several invasive mosquito species have emerged in isolated areas (e.g., Aedes notoscriptus (Skuse)) in California (California Department of Public Health [CDPH] 2015) , and several of these have become established and spread through the United States (e.g., Ae. albopictus (Skuse) and Ae. japonicus (Theobald) (Kaufman and Fonseca 2014, Ogden et al. 2014) ). Also, introduced arboviruses arrive in areas of the United States and either remain focal (e.g., Dengue virus) or rapidly spread through the entire United States (e.g., WNV). The ability of each state to detect and manage these new mosquitoes or arboviruses is critical to the U.S. public health (Vazquez-Prokopec et al. 2010) . This is especially relevant given the risk of chikungunya and Zika viruses entering the United States given the detection of imported human cases and autochthonous transmission in Mexico (Panamong states on the topic of insecticide resistance will assist in efforts to minimize the development and spread of resistance.
The heterogeneity in mosquito control community size, the number of related publications, and human arboviral disease cases among states has important policy considerations. In some cases, these data can help suggest states that should have a larger mosquito control community given the disproportionate burden of arboviral disease. For example, the Great Plains states have experienced a continued high incidence of arboviral disease, especially in the wake of WNV driven by Culex tarsalis Coquillett in rural locations. States with high incidence of arboviral disease but low human populations such as South Dakota, North Dakota, and Wyoming do not have their own state mosquito control associations and instead are members of multistate associations, thus their meeting attendance, a proxy for mosquito control community size, is small. Representatives from these states could use the results from this analysis to suggest that more financial resources are needed in their state given this disparity. This rural context of high arboviral disease burden and low population densities is a challenge from a mosquito control perspective and could be more efficiently managed by vaccine programs.
Much of the heterogeneity observed in mosquito control community size and number of publications is presumably due to financial resources. Gathering mosquito control budgets for each state would have been difficult, but some states such as California provide these data in the Mosquito and Vector Control Association of California annual yearbook (MVCAC 2015) . This document provides fiscal data for 229 agencies in California, mostly mosquito abatement districts, with combined annual revenue of US$156,469,767. These funds come as property taxes, service charges, benefit assessment, or contracts. In California, mosquito abatement districts are initiated by a petition of 10% or more of the registered voters in the proposed area. A public hearing is held and county board supervisors approve if it is in the best interest of the public. Once approved, mosquito abatement districts charge an annual service fee to all properties in the service area to pay for mosquito surveillance and control. The state legislation in California provides a means for 38 abatement districts (mostly county-level) to have annual budgets in excess of 1 million dollars, and three districts (Sacramento-Yolo, Greater LA County, and Orange County) have budgets over 10 million each. These figures help explain why California has the largest annual meeting size and more publications than any other state, not correcting for population size.
Texas provides a different example along a spectrum in terms of how mosquito control is funded. Very few counties in Texas have dedicated taxes that fuel mosquito abatement programs. Some counties that occur along the Gulf Coast with large nuisance mosquito populations, principally Ae. sollicitans (Walker) and Ae. taeniorhynchus (Wiedemann), have dedicated "Mosquito Control Funds," broken down in the Fiscal Year 2015 budget. These counties include Orange (US$1, 198, 890) , Brazoria (US$3,009,709), and Galveston (US$1,473,750) within their respective FY2015 mosquito control fund annual budgets. Most counties in Texas do not have dedicated funds in the county budget for mosquito control, which makes it difficult to extract the amount dedicated to mosquito surveillance and control. For example, the FY2015 budget for Dallas Co. includes US$1,010,845 the Environmental Health Division but this Division is responsible for the public's safety in the areas of animal control, general sanitation, and vector control within the county. Further complicating the situation is that some cities within Dallas County are covered by the county-level mosquito control program whereas others are independent. In addition, less populated counties have a single employee responsible for mosquito control as well as health inspections and code enforcement. Harris County has the largest mosquito control program in the state of Texas and was established due to a major outbreak of St. Louis Encephalitis in 1964 and in 1995 became a division within the Public Health & Environmental Services with revenue received through the general county funds. The annual budget for the Harris County Mosquito Control Division is around 5 to 6 million, which fluctuates each year depending on the need for aerial mosquito control. Unlike neighboring counties, the Commissioners Court of Harris County approved a policy in which the Division's primary responsibility is the surveillance and control of mosquito-borne diseases.
Whatever the mechanism, the result is that Texas is vastly underfunded compared to a state like California for mosquito surveillance and control operations. This difference in funds is reflective in the differences in the meeting attendance observed in this study, with California ranking at number 12 in meeting attendance per state population, whereas Texas ranks 41. In addition, California has 37 of 58 counties (63.8%) that collect mosquitoes and test for at least one arbovirus (CDPH 2015) , whereas Texas has 34 of 254 counties (13.4%) that collect mosquitoes and test for at least one arbovirus (Texas Department of State Health Services). This difference is alarming given that Texas has more arboviral disease cases than any other state and ranked 12th in disease cases once correcting for population size. Furthermore, the position of Texas at the southern edge of the United States, with a longer border with Mexico than any other state, puts Texas at the "front-line" with regard to emerging or re-emerging viruses such as dengue, chikungunya, and Zika viruses (Andrus et al. 2013 , Higgs 2016 .
In conclusion, this study summarizes data that highlight the variation in mosquito control community size, the number of related publications, and human arboviral disease cases among states. Much of the heterogeneity in mosquito control community size is determined by the annual financial resources received to sustain these programs. Organized mosquito control in some cities and counties is vastly underfunded compared to others, and not all of this disparity is due to variation in cost of living or average household income. Often in the face of an abnormal mosquito challenge (e.g., hurricane or mosquito-borne disease epidemic), many local agencies wait for "top down" funds from a higher level of government, such as state or federal. However, these brief infusions of funds do not allow local agencies to sustain the infrastructure needed for an effective program. Instead, a solution to this problem could be to revisit "bottom-up" sources of funds, where local citizens pay for organized mosquito control programs. This is already occurring throughout the United States, with California as an example showing that citizen dollars help allow the mosquito control community to receive an annual budget of 156.5 million. Halasa et al. (2012) found that New Jersey citizens were willing to pay three times more than what existing taxes yield for the annual budget of mosquito control. The fear for the invasion of Zika virus into the United States, which likely leads to pregnancy complications (Martines et al. 2016) , will magnify this willingness to pay. Based on the local citizen willingness to pay for mosquito control, local legislation should allocate the appropriate amount of taxes and service fees so that a sustained mosquito control program can exist. Doing so would enhance mosquito control programs and help mitigate problems of nuisance mosquitoes and mosquito-borne diseases.
